Plasmids were constructed which contained a large portion of each of the four nonstructural genes of Sindbis virus fused to the N-terminal two-thirds of the trpE gene ofEscherichia coli. The large quantity of fusion protein induced from cells containing these plasmids was subsequently used as an antigen to generate polyclonal antisera in rabbits. Each antiserum was specific for the corresponding nonstructural protein and allowed ready identification of each nonstructural protein and of precursors containing the sequences of two or more nonstructural proteins. These antisera were used to determine the stability of the mature nonstructural proteins and to examine the kinetics of processing of the nonstructural proteins from their respective precursors in vivo. Pulse-chase experiments showed that the precursor P123 is cleaved with a half-life of -19 min to produce P12 and nsP3; P12 is then cleaved with a half-life of -9 min to produce nsPl and nsP2. Thus, although the rate of cleavage between nsP1 and nsP2 is faster than that between nsP2 and nsP3, the latter cleavage must occur first and is therefore the rate-limiting step. The rate at which P34 is chased suggests that the cleavage between nsP3 and nsP4 is the last to occur; however the regulation of nsP4 function in Sindbis virus-infected cells may be even more complex than was previously thought. The products nsPl and nsP2 (and nsP4) are relatively stable; nsP3, however, is unstable, with a half-life of about 1 h, and appears to be modified to produce heterodisperse, higher-molecular-mass forms. In general, the processing schemes used by Sindbis virus and Semliki Forest virus appear very similar, the major difference being that most nsP3 in Sindbis virus results from termination at an opal codon, whereas in Semliki Forest virus cleavage of the P34 precursor is required.
The nonstructural proteins of Sindbis virus are translated as two large polyprotein precursors from the 5'-terminal two-thirds of the genomic 49S RNA (for a review, see reference 25). For both precursors initiation begins at the first methionine codon 59 nucleotides downstream from the 5'-terminal cap (17) . Translation continues either for 1,896 amino acids until an opal stop codon is reached (resulting in a polyprotein of 200 kilodaltons [kDa] ), or a much-lowerfrequency readthrough of the opal codon can occur so that translation may continue for another 616 amino acids to produce a larger 250-kDa precursor (14, 22, 23) . Processing of the 200-kDa precursor leads to the appearance of mature nsPl, nsP2, and nsP3, and it is believed that the 250-kDa precursor is processed to yield the first three mature nonstructural proteins and a fourth, nsP4 (2, 3, 14, 20) .
The use of opal suppression in regulating the amount of a gene product is a novel form of control worthy of study; unfortunately, specific immunochemical regents have not been available until recently to allow the separation and characterization of these nonstructural proteins amidst the large background of host cell protein synthesis. One approach to the production of specific immunological reagents has been to construct synthetic peptides that possess sequences within the protein which seem most likely to reside on the protein surface, e.g., sequences rich in hydrophilic residues. These oligopeptides are then linked to larger carrier proteins and used as antigens to generate high-titer antisera (13) . Such an approach has been used to produce an antiserum specific for nsP4 of Sindbis virus (14) .
Another method to generate specific antisera has been to construct hybrid gene fusions in which a eucaryotic gene or * Corresponding author.
portion of a gene is placed adjacent to a well-defined procaryotic gene which is under the control of a strong procaryotic promoter (6) . Upon induction, the fusion protein product accumulates in the periplasmic space as a secreted protein or in the cytoplasm, depending on the type of fusion.
Since we possess a cDNA copy of the 49S RNA genome of Sindbis virus, we set out to produce fusion proteins of the Sindbis virus nonstructural proteins by using the trpE system. In general, many trpE fusion proteins have the property of being insoluble and resistant to proteolytic degradation in Escherichia coli (10, 21) . This facilitates purification since the protein can usually be pelleted under conditions in which most E. coli proteins are soluble. Large quantities of the fusion protein can be produced in this fashion for use as an immunogen to generate antisera against a wide repetoire of antigenic determinants. Our hybrid gene fusions consisted of the leader and the N-terminal two-thirds of the E. coli trpE protein fused to a large region of sequence from within each of the genes encoding the nonstructural proteins of Sindbis virus. The resulting fusion proteins were used to generate antisera which were effective in immunoprecipitating virusspecific proteins from lysates of infected cells. These immunoprecipitated proteins were of the proper size based on the genomic sequence and previous observations in experiments which examined the nonstructural proteins of Sindbis virus. These antisera were used as probes to elucidate the kinetics of processing of the nonstructural polyprotein precursors to form mature proteins and to determine the relative stability of these mature products.
heat-resistant small-plaque strain of Sindbis virus (Sindbis virus HRSP) used in these experiments has been described previously (22, 23) . BHK-21 cells (American Type Culture Collection) were maintained at 37°C under 5% CO2 in Eagle minimal essential medium (5) supplemented with 10% fetal calf serum. E. coli MC1061 (RecA-) was used in all cloning steps.
Labeling of infected cells and preparation of lysates. Confluent monolayers of chicken embryo fibroblasts or BHK cells grown in either 100-or 60-mm plastic petri plates were washed once with the room-temperature phosphate-buffered saline (PBS) of Dulbecco and Vogt (4) lacking divalent cations and then infected at a high multiplicity (50 to 100 PFU per cell) with Sindbis virus in PBS containing Ca2 , Mg2+, 1 p.g of actinomycin D per ml, antibiotics, and 1% dialyzed fetal calf serum. Virus absorption was allowed to occur at 37°C for 70 min, and the inoculum was removed. The plates were then washed once with room-temperature PBS to remove unabsorbed virus, and the incubation was continued in Eagle medium containing 10% dialyzed fetal calf serum, 1 ,ug of actinomycin D per ml, antibiotics, and 1/20 the normal concentration of methionine.
The time postinfection at which the cells were labeled is described in the figure legends. In most instances, labeling was carried out for 30 min in prewarmed Eagle medium containing 40 ,uCi of [35S]methionine per ml (>600 Ci/mmol; Amersham Corp.). In some experiments the monolayers were incubated in hypertonic medium containing an excess of 220 mM NaCl for 30 min before the cells were labeled to synchronize initiation of translation (19) .
After the labeling period the monolayers were placed on ice, washed three times with ice-cold PBS, and lysed with either 480 ,li ( (Table 1) .
Clones were screened by restriction fragment analysis, SDS-PAGE analysis of inducible fusion protein products, and in some instances nucleo'tide sequencing (16) . Induction of the selected fusion constructs with P-indoleac'rylic acid yielded large amounts of fusio'n protein which were subsequently purified by the procedure given in Materials and Methods. Samples of the bacterial whole-cell lysate and purified material were run on a 10% disc'ontinuous. SDSpolyacrylamide gel alongside molecular mass standards of J. VIROL. (Fig. 3) . Bands corresponding to each of the nonstructural proteins, nsPl (60 kDa), nsP2 (89 kDa), and nsP3 (76 kDa), specifically immunoprecipitated by the corresponding antibody can be readily seen. However, nsP4, which is reported to migrate at 73 kDa, is not visible. In addition, a number of proteins were precipitated by specific combinations of antisera, and these proteins are putative precursors to the mature proteins. They include P1234 (-250 kDa), P123 (-200 kDa), P12 (-135 kDa), and P34 (-150 kDa). Similarsize proteins have been observed previously and identified by molecular mass. There are also faint bands visible, at approximately 200, 220, and 250 kDa, in the mock-infected samples and infected samples precipitated with preimmune serum which appear to have been immunoprecipitated nonspecifically; these nonspecific bands interfere with the analysis of P1234 and, to a much lesser extent, of P123. Some capsid protein (C) was also precipitated nonspecifically.
Total incorporation of [35S]methionine label in Sindbis virus-infected cells was monitored by trichloroacetic acid precipitation of infected-cell lysates. Typically, we found that 1 to 2% of the total labeled protein in the infected cell was immunoprecipitated in each reaction by a-nsPl, a-nsP2, or ot-nsP3 (data not shown). For nsP4 the signal was too small to be significant.
To examine the kinetics of processing of the viral precursors, infected cells were subjected to hypertonic conditions for 30 min before being labeled in isotonic medium to synchronize translation initiation (19) . There was a generalized reduction in protein synthesis after such a block, as shown by trichloroacetic acid precipitation to quantitate total protein synthesis (data not shown) or by examination of virus-specific proteins after immunoprecipitation (Fig. 3) . (Fig. 4) . After 10 min of labeling the P12 precursor was visible but in this experiment no mature nsP3 or P123 (Fig. 4) peptides with apparent molecular masses of 79 to 113 kDa appeared. These polypeptides were precipitated only with anti-nsP3 serum (Fig. 5) , and it seems likely that they arose from a modification of the nsP3 that disappeared during the chase. However, we cannot rule out the possibility that they arose from P123 or P34 by a different type of processing or that they might contain non-nsP3 sequence which was not detected by the nsP2 or nsP4 antibodies. Assuming they represent a modified form of nsP3, the nature of the modification is obscure. It has been observed that nsP3 is phosphorylated (G. Li and C. M. Rice, personal communication). Based on parallel pulse-chase studies using [35S]methionine and 32Pi, nsP3 appears to be chased to two predominant phosphorylated forms with apparent molecular masses, as determined by gel electrophoresis, of approximately 79 and 113 kDa (data not shown).
By using more lysate and longer exposure times, we could also monitor the processing of nsP4 from its precursors (Fig.   Sd) . The amount of material in nsP4 and its precursors was quantitated by densitometry of the autoradiogram shown in Fig. 5d . These data were normalized for the number of methionines in the nsP4 region of each precursor and plotted (Fig. 6 ). The data demonstrate that nsP4 accumulated during the chase at a remarkably slow rate, much more slowly than the disappearance of P34, which possesses a half-life of approximately 30 min. This indicates either that some P34 was being degraded rather than being processed to produce mature nsP3 and nsP4 or that nsP4 was unstable and was turning over at a rate which was slightly less than the rate at which P34 was being processed. The interpretation of the processing of the P1234 precursor is obscured by the presence of a band at 250 kDa which was immunoprecipitated nonspecifically, as can be seen in the mock-infected and preimmune control samples. It is unclear whether P1234 is processed to mature products. Based on the abundance of P34 relative to that of P1234 (Fig. 5) , P34 is probably the predominant species from which nsP4 is derived and any processing of P1234 probably makes a neglible contribution to the pool of nsP4.
Kinetics of polyprotein processing. We performed short pulse-chase experiments to measure the kinetics of processing, but it was difficult to disentangle the effects of protein chain elongation from processing. The time required to synthesize a complete polypeptide chain is not dissimilar to that required for processing, and the processing kinetics depend upon the stage of completion of the polypeptide. We (Fig.  5u) was subjected to densitometry. The y axis is arbitrary units of area corresponding to the quantity of nsP4 either in nsP4 itself or in the nsP4 region of a precursor. For example, P34 has 27 methionine residues, of which only 16 are in nsP4; therefore, the areas for P34 were multiplied by 16/27 to arrive at the area due to nsP4 alone. The x axis gives the time of chase. therefore devised a modified protocol for a pulse-chase experiment in which we monitored elongation and processing of polypeptide chains initiated in a 2-min time period. To accomplish this, infected cells at 3 h postinfection were synchronized by treatment with 220 mM excess NaCl for 30 min as before and released from the hypertonic block in the presence of 50 ,Ci of [35S]methionine per ml. Two min later pactamycin was added to 1 ,M to block further translation initiation. Protein synthesis (and processing) was allowed to continue in the presence of label for various periods, and the cells were then lysed and prepared for immunoprecipitation (Fig. 7) . Because the purpose of the experiment was to determine cleavage kinetics accurately, the temperature of incubation was carefully controlled, and the synthesis kinetics appeared to be slightly faster than in the experiment shown in Fig. 4 .
We determined that 1 ,M pactamycin was sufficient to inhibit initiation of new polypeptide chains while still allowing elongation of previously initiated chains by the following experiment. At 3.5 h postinfection without hypertonic treatment, 1 ,iM pactamycin was added to cells. After 5 min, [35S]methionine was added, and incubation was continued for an additional 25 min in the presence of pactamycin. Immunoprecipitation of these cell lysates (Fig. 7c, control  lanes) showed that predominantly nsP3 was labeled; a small amount of label was also found in nsP2, and no label was observed in nsPl. Because the order of proteins in the polyprotein precursor is NH2-nsPl-nsP2-nsP3-COOH, this was the expected result if the pactamycin inhibition was effective.
In cells synchronized by a hypertonic block and allowed to initiate polypeptide chains for 2 min before the addition of pactamycin, the incorporation of [35S] methionine into elongating strands plateaued between 15 and 20 min after the addition of the drug, as determined by hot trichloroacetic acid precipitation of the whole-cell lysates, again demonstrating the effectivenss of pactamycin treatment. Completed chains of P123 were first detectable 6 min after the addition of the drug, that is, 8 min after synchronous initiation of translation (Fig. 7) . This would require a maximum elongation rate of approximately 240 amino acids per minute, which is somewhat faster than the rate estimated for translation of the poliovirus genome (19) . Although nsP3, P12, and P123 appeared at 6 min after the addition of pactamycin, mature nsPl and nsP2 were not detectable before 10 min (Fig. 7) . Whether P1234 was synthesized or processed under these conditions cannot be determined because of the presence of a nonspecific band at -250 kDa.
To quantitate these data, the autoradiograms were sub- jected to densitometry; a graph of the densitometry data for anti-nsPl immunoprecipitation is shown in Fig. 8 . It can be seen that the accumulation of P123 peaked between 10 and 15 min after the addition of the drug, signifying the completion of elongation. P123 was then cleaved with a half-life of approximately 19 min to produee P12 and nsP3. The amount of P12 was also maximal at about 10 to 15 min, but it was cleaved with a half-life of about 9 min and was almost absent by 55 min. Thus, the cleavage between nsPl and nsP2 occurred more rapidly than that between nsP2 and nsP3. However, since there was no P23 visible in any of the pulse-chase experiments, it appears that nsP3 must be cleaved from P123 before nsPl can be cleaved from nsP2. The densitometry data for nsP2 and nsP3 (not shown) lead to similar conclusions. DISCUSSION A brief labeling of Sindbis virus-infected cells at 3 to 4 h after infection, followed by immunoprecipitation with antibodies specific for the four nonstructural proteins, clearly showed the following virus-specific nonstructural polypeptides: P1234 (-250 kDa), P123 (200 kDa), P34 (150 kDa), P12 (135 kDa), nsP2 (89 kDa), nsP3 (76 kDa), and nsPl (60 kDa). The 72 kDa protein (nsP4) could be visualized by using :,.zz special procedures and longer exposures. These molecular masses are consistent with the predicted molecular masses of the nonstructural proteins deduced from RNA sequence data (23) , with the exception that nsP3 and precursors containing nsP3 migrate anomalously. These molecular masses are also in excellent agreement with the sizes of the polypeptides found in previous studies (1-3, 7, 14) . Using a-nsP4 peptide antibody, Lopez et al. (14) also immunoprecipitated a band corresponding to a molecular mass of approximately 220 kDa which they classified as the P234 precursor but which we did not detect in our experiments. In chick cells we also found additional bands which migrated between 200 and 100 kDa, especially in the pulse-chase experiments. The label in these bands appeared to chase, and they may represent alternative or aberrant processing after the hypertonic block. The concentration of these precursors was reduced in infected BHK cells, and their participation in the overall cleavage scheme is unclear.
Immunoprecipitation with these antisera also revealed a previously unrecognized form of nsP3. Over a period of 2 h after synthesis nsP3 appeared to shift from a 76-kDa band (when newly synthesized) to a heterodisperse series of bands between 79 and 113 kDa. The molecular mechanisms of this apparent posttranslational modification are unclear but may be due in part to phosphorylation.
Based or the synthesis and processing of Sindbis virus At a much lower frequency, nascent P123 can be cleaved iral proteins (Fig. 9) . Translation apparently bebetween nsP2 and nsP3 before nsP3 has been completely ly a single point in the genome, the AUG codon translated, such that significant amounts of P12 and nsP3 0 nucleotides from the 5' terminus of the 49S appear simultaneously with P123 (Fig. 7) . ZNA. After translation through nsP3 the nascent
We have previously postulated that the proteolytic activle chains follow one of two courses. Translation ity responsible for cleaving the nonstructural polyprotein ainates at the opal codon, producing P123, or reads resides within the nonstructural proteins themselves and is ie opal codon to produce P1234. Frequently, the at least in part autoproteolytic (23) . In vitro translation )etween nsP2 and nsP3 occurs before the compleresults (3; our unpublished observations) are consistent with 234, leading to large amounts of P34 relative to this hypothesis. Several results from the present study are of the precursor P34 had come from the posttranslaparticular interest. (i) Processing occurs sequentially, i.e., cessing of P1234, we would have expected a much the cleavage between nsP2 and nsP3 must necessarily preio of P1234 to P34 following a short pulse of label.
cede the cleavage between nsPl and nsP2. The autoradiogram of immunoprecipitation by a-nsPl effective replication of either alphavirus requires that signifis subjected to densitometry to quantitate the amount of icant quantities of nsP3 be produced. In Sindbis virus most Is precursors present at various times after pactamycin of this nsP3 is the result of termination at the opal codon and reas have been normalized as described in the legend to not cleavage of the P34 polypeptide. However, for SFV, the production of large amounts of nsP3 requires rapid and J. VIROL. efficient cleavage of P34 since termination cannot occur; little P34 accumulates under any conditions, and significant amounts of nsP4 are produced. In Sindbis virus infection, on the other hand, P34 appears to be the moiety which accumulates during infection and little or no free nsP4 is ever seen. These two modes of replication can be brought together if we assume (i) that large amounts of nsP3 are required for successful alphavirus replication and (ii) that little or no nsP4 as nsP4 is required. It is possible that the active form of nsP4 for both Sindbis virus and SFV is the P34 polypeptide and that only small amounts of it are needed. Only small quantities of this polypeptide are made by readthrough in Sindbis virus, and perhaps only small quantities escape processing in SFV.
